This work focuses on the application of electrolysis with carbon felt cathodes for the 7 reclamation of actual effluents from municipal wastewater treatment facilities (WWTFs) 8 in combination with different anode materials (dimensionally stable anodes-DSA, 9
Wastewater reuse has attracted great interest due to the potential uses of reclaimed 57 wastewaters in agriculture or industry sectors and to the scarcity of fresh water sources 58 [1] [2] [3] [4] . In the reclamation of municipal wastewater, a disinfection stage is always required 59 to obtain a high quality effluent as established by the Spanish legislation [5] . For this 60 reason, many water disinfection technologies have been developed within the last years 61 [6] [7] [8] . In this sense, several authors have reported the elimination of microorganisms, 62 mainly E. coli, by the addition of chemical reagents such as ozone, hydrogen peroxide or 63 chlorine derivate products [9] [10] [11] [12] . 64
In this context, electrochemical technologies emerge as a good alternative to carry out the 65 on-site generation of disinfectant agents from the species naturally contained in 66 wastewater [13] [14] [15] [16] [17] . This production of disinfectants can be classified into anodic 67 processes (i.e. the electrooxidation of chlorides to produce hypochlorite [Eqs. In addition, the use of iron anodes combined with the production of hydrogen peroxide, 88 not only favors the Fenton´s reaction, but also promotes coagulation processes from the 89 generation of soluble and insoluble iron species. In this context, an interesting approach 90 was carried out by Daghrir and Drogui [27], who described a combined 91 electrocoagulation-electrofenton treatment for domestic wastewater using Ti-IrO2 or iron 92 as anode and graphite or vitreous carbon as cathode. With this system, it was possible to 93 decrease efficiently the chemical oxygen demand (COD), turbidity and total suspended 94 solids (TSS) in wastewater. 95 microbiological composition characteristics of the samples used in this work are shown 129 in Table 1 . 130
All experiments (3 dm 3 ) were carried out under galvanostatic conditions and 131 discontinuous mode. At this mode of operation, the production of oxidant and disinfectant 132 species is cumulative and it is related to the total Q (Ah dm -3 ) applied at a given moment. 133
The samples were collected in the glass tank and the sample volume was 0.1 dm 3 . The E. 134 coli and disinfectant compounds (free and combined chlorine and hydrogen peroxide) 135
were measured immediately. In this way, it is not necessary the addition of reagents (e.g. 136 Na2S2O3) to stop the reaction between microorganisms and disinfectants. 137
The current density applied ranged from 1.25-25 A m −2 . Prior to use in galvanostatic 138 electrolysis assays, the electrode was cleaned for 10 min in a 5000 mg dm -3 Na2SO4 139 solution at pH 2 and 300 A m -2 to remove any kind of impurity from its surface. 140 141
Analytical techniques. 142
The E. coli from wastewaters were estimated using the most probable number (MPN) 143 technique [28] (confidence level: 95%). Microorganism counts were carried out by the 144 multiple-tube-fermentation technique (24 h of incubation at 44 °C) using 5 tubes at each 145 dilution (1:10, 1:100, and 1:1000). After incubation time, the tubes with yellow color 146 were considered positive (presence of E. coli) and the tubes in where the color remained 147 red, were considered negative (absence of E. coli). The media culture used was E.C. 148 MEDIUM ISO 7251 (the composition of the medium per liter of distilled water was 20 g 149 dm -3 tryptose, 5 g dm -3 lactose, 1.9 g dm -3 bile salts nº3, 4 g dm -3 K2HPO4, 1.5 g dm it is based on the redox reaction between the hypochlorite and arsenite. Hypochlorite is 161 reduced to chloride by the continuous addition of arsenite whereas this last one is oxidized 162 to arsenate. The pretreatment of the samples consists of the addition of 2·10 -3 dm 3 of 2.0 163 M NaOH in order to increase the pH. 164
The same ion chromatography equipment (Shodex IC YK-421 column; mobile phase, 5.0 165 mM tartaric, 1.0 mM dipicolinic acid and 24.3 mM boric acid; flow rate, 1·10 -3 dm 3 min −1 ) 166 was used to measure the nitrogen inorganic cation (NH4 + ). Inorganic chloramines were 167 measured following the DPD standard method described in the literature [28] . 168
The presence of trihalomethanes (THMs) was evaluated by gas chromatography 169 (detection limit <0.2 ppb) using a SPB 10 column (30 m x 0.25 mm; macroporous 170 particles with 0.25 µm diameter). Injection volume was set to 1·10 -6 dm 3 . 171
Hydrogen peroxide was measured according to Eisenberg [31] . This is as well-known 172 colorimetric technique based on the reaction of hydrogen peroxide with a titanium 173 sulphate reagent. 174
The total iron concentration was measured off-line using an inductively coupled plasma 175 spectrometer (Liberty Sequential, Varian) (detection limit <1. NHCl2 + HClO ↔ NCl3 +H2O
[9] 227
Due to the importance of free and combined chlorine derivates in the disinfection process, 228 their concentration was monitored during the electrolyses. Figs. 2 and 3 show the 229 evolution of hypochlorite and combined chlorine species during the electrodisinfection 230 of urban wastewater with DSA and CDA, respectively. 231
As it can be observed, in all cases there is an initial increase in the hypochlorite 232 concentration at low applied electric charges, followed by a decrease at higher values of 233 electric charge, a typical profile of a reaction intermediate. Regarding the results obtained 234 with DSA, the maximum concentration of hypochlorite increases with the applied current 235 density. However, the production of hypochlorite is less efficient at the highest current 236 density (25 A m -2 ), probably due to the appearance of secondary side reactions at the 237 higher potentials required to reach this value of current density. 238
The decrease of hypochlorite concentration may be related to several processes that 239 simultaneously occur in the electrochemical cell: 1) the attack to E. coli (causing their 240 death); 2) oxidation of hypochlorite to chlorate or perchlorate [Eqs. 5-6]; 3) the reaction 241 with other species such as ammonium [Eqs. 7-9] to form chloramines. At this point, it is 242 worth noting that neither chlorate nor perchlorate were detected within the range of 243 current densities tested in the present work, so the oxidation of hypochlorite to chlorate 244 or perchlorate can be discarded. On the contrary, the presence of chloramines has been 245 detected during the electrodisinfection at different current densities with DSA ( Fig. 2. 
b). 246
Concentration of chloramines increased with the electric charge and the applied current 247 density, following a similar trend regardless the value of the current density. 248
Nevertheless, a dissimilar profile is observed for the highest value of current density (25 249 A m -2 ) due to the less efficient production of hypochlorite previously described. Finally, 250
it is important to note that the pH remained constant at about 8, a value that favors the 251 formation of monochloramine. 252
Regarding the results observed for CDA (Fig. 3) , the concentration of hypochlorite 253
increases with the applied electric charge following a similar trend than that observed 254 during the electrodisinfection with DSA: there is an initial increase in the concentration, 255
followed by a decrease. However, the concentration of chloramines ( Due to these reactions, the occurrence of hazardous disinfection by-products in the treated 278 effluent (chlorate or organic chlorinated by-products) will be limited due to the reductant 279 behavior of hydrogen peroxide. This fact can broaden the potential applications of CDA 280 to the reclamation of wastewaters, allowing to work at higher current densities and thus 281 reaching higher disinfection rates without the production of hazardous disinfection by-282 products. 283
The evolution of hydrogen peroxide is showed in Fig. 4 . As it can be observed, the 284 concentration of hydrogen peroxide increases with the applied electric charge due to the 285 reaction of oxygen reduction. Furthermore, the profile of hydrogen peroxide production 286 is similar when using CDA and DSA as anode materials. This result is somehow expected 287 taking into account that the production of hydrogen peroxide is a cathodic process. 288
Regarding the influence of current density, it can be observed that the efficiency in the 289 production of hydrogen peroxide decreases for higher values of current density (lower 290 concentration of hydrogen peroxide for the same value of electric charge applied). This 291 result can be explained in terms of the oxidation/reduction of hydrogen peroxide on the 292 surface of the electrodes. In fact, the use of current densities higher than 10 A m -2 is not 293 recommended for hydrogen peroxide production because of the promoted oxidation and 294 reduction of hydrogen peroxide on the electrodes surface [Eqs. Regarding the anionic nitrogen species, the concentration of NO3 -was monitored during 298 the process and it was found that this compound remained constant in its initial value 299 (around 23 mg dm -3 ). On the other hand, NO2 -was under the detection limit throughout 300 the tests. 301
As it has been described, the disinfection efficiency of the process and the production of and carbon felt as cathode. As it can be observed, the concentration of microorganisms 313 decreases with the applied electric charge, reaching a total removal of E. coli from current 314 densities of 3.75 A m -2 . This current density is similar to the minimum value necessary 315 to completely remove the microbiological content with CDA, but considerably lower than 316 that for DSA. This behavior should be related to the mediated reactions that take place in 317 the cell and it can result in the disinfection of the effluent: 1) reaction of free and 318 and/or hydroxyl radicals produced through Fenton's reaction [Eq. 4]. In addition, the 320 microorganisms can be removed enmeshed in the flocs generated by the dissolution of 321 the anode material during the process. 322
As observed in Fig. 6 , hypochlorite increases with the applied electric charge following 323 the same trend than that observed during the process with DSA and CDA. However, the 324 maximum concentration achieved of free chlorine is considerably lower when using Fe 325
anodes. In addition, it has been observed that hypochlorite concentration is almost null at 326 very low current densities. This behavior can be related to the reaction of hypochlorite 327 with the generated Regarding the combined chlorine, its concentration decreases when iron is used as anode 330 as compared when DSA or CDA are used in the electrolytic cell, although it has been 331 observed significant concentrations of chloramines for all current densities studied. This 332 fact indicates that the elimination of E. coli by chlorine derivates is mainly due to 333 chloramines and not to hypochlorite, an interesting result due to the less aggressive 334 behavior of chloramines in disinfection processes, previously described. Likewise, the 335 presence of chlorate, perchlorate and trihalomethanes was not detected within the entire 336 range of current densities tested. 337
Next, the concentration of hydrogen peroxide was also measured and it is represented in 338 Fig. 7 . As it can be observed, the concentration of hydrogen peroxide is similar to that 339 measured when using CDA and DSA. As it has been previously commented, the 340 production of hydrogen peroxide is a cathodic process and similar concentrations in the 341 reactor should be expected for different anode materials. Nevertheless, the use of iron as 342 anode material leads to the generation of iron species (Fe 2+ ), which can react with the 343 hydrogen peroxide to produce hydroxyl radicals [Eq. 4], with a higher oxidation powerto eliminate the microorganisms. This reaction can explain the higher efficiency of the 345 electrodisinfection process when using Fe compared to that reached with DSA. In 346 addition, the promotion of Fenton Fig. 8 shows the evolution of turbidity (Fig. 8.a) and total iron concentration (Fig. 8.b ) 364 with the applied electric charge during the electrochemical disinfection with iron anodes. 365
As it can be observed, turbidity decreases with the applied electric charge and the current 366 The energy consumption was calculated for the minimum applied electric charge in which 388 the E. coli was completely removed. Fig. 9 shows the energy consumption at different 389 current densities during the electrochemical disinfection with CDA and iron electrodes. 390
As it can be observed, the energy consumption is lower than 0.2 kWh m -3 during the 391 process with CDA, regardless the current density applied. However, there is an initial 392 increase in the power consumption followed by a decrease with the applied current 393 density. This fact is due to that the use of higher current densities (14.63 A m -2 ) requires 394 lower electric charges (0.0062 Ah dm -3 ) to completely disinfect the wastewater. 395
Regarding iron anodes, the energy consumption increases with the current density 396 applied. In this case, the increased energy consumption with iron anodes is mainly due to 397 the increase in electric potentials generated by the high applied current densities, probably 398 due to the progressive deterioration of the electrode throughout the tests. Likewise 
